In human immunodeficiency virus type 1 (HIV-1) infection, resting CD4
ϩ T lymphocytes harboring replication-competent virus persist even in patients on highly active antiretroviral therapy (HAART) who exhibited prolonged suppression of viremia to below the limit of detection (8-10, 17, 18, 37, 43, 52, 56) . Because the rescue of replication-competent virus from these resting cells has generally required the use of stimuli that induce global T-cell activation, these cells are thought to be in a state of latent infection. In most treated patients, the frequency of these latently infected cells does not decrease significantly despite several years of otherwise effective treatment (17, 43) or declines only very slowly (43, 56) . This finding, together with the potential presence of other reservoirs (reviewed in reference 5), has dampened the initial hopes that the infection might be eradicated by prolonged antiretroviral therapy and has increased interest in the molecular mechanisms of HIV-1 persistence.
Two forms of HIV-1 latency can be found in resting CD4 ϩ T cells, a labile preintegration form and a stable postintegration form (4, 7, 9, 10, 37, 47, 54) . The labile form decays within the first 3 months after the initiation of therapy, leaving the stable form (4, 37) . The molecular mechanisms that maintain postintegration latency are unclear. Some hypotheses implicate regulation at the level of transcription. For example, the HIV-1 promoter could potentially be silenced by the absence of activation-dependent host transcription factors (6, 13, 20, 36, 48) , by epigenetic mechanisms affecting the promoter itself (3) or local chromatin structure (29, 51) , or by the lack of Tat and/or Tat-associated transcriptional elongation factors (1, 22, 24, 25, 28, 31) . Other hypotheses focus on regulation at the posttranscriptional level. For example, the absence of virus production from latently infected cells might reflect the fact that at low levels of transcription, the full-length viral RNA that encodes structural and enzymatic functions and that serves as the viral genome may not be efficiently exported from the nucleus in the absence of sufficient amounts of the HIV-1 Rev protein (16, 33-35, 40, 41, 45) . In some studies, latent infection has been characterized by a deficiency in this unspliced viral RNA and a preponderance of multiply spliced HIV-1 mRNAs encoding regulatory proteins (41) . Some studies even suggest that lymphocytes with a resting phenotype, particularly those within lymphoid tissues, may be capable of producing regula-tory proteins, structural proteins, or even virus particles (14, 53, 57) . Determining the degree of viral mRNA production in latently infected resting CD4 ϩ T cells has important implications for therapy. The lower the level of HIV-1 gene expression, the more difficult it will be to selectively target the infected cells. Numerous studies have measured HIV-1 gene expression in cells from patients on HAART (2, 21, 23, 26, 32, 55, 56, 58) , but in most of these studies, resting cells were not separated from activated cells, making it difficult to assess the level of HIV-1 gene expression in the infected resting cells that comprise the latent reservoir for HIV-1. Therefore, in an effort to determine the degree of viral transcription that occurs in latently infected cells, we examined HIV-1 gene expression in highly purified populations of resting peripheral blood CD4 ϩ T cells, the cell population in which long-term viral persistence has been most clearly demonstrated.
MATERIALS AND METHODS

Purification of resting CD4
؉ T cells from patients on HAART. Peripheral blood samples were obtained from patients who achieved and maintained suppression of viral replication to Ͻ50 copies/ml with antiretroviral drugs (all patients gave informed consent before phlebotomy). Peripheral blood mononuclear cells (PBMCs) were negatively selected to remove CD8 ϩ T cells, B cells, monocytes, NK cells, and activated CD4 ϩ T cells as previously described (9, 18) .
Resting CD4
ϩ T cells were further purified by sorting for small lymphocytes with high CD4 and low HLA-DR surface expression (9, 18) .
HIV-1 DNA measurements in resting CD4 ؉ T lymphocytes. DNA was isolated from 10 6 purified resting CD4 ϩ T cells using the QIAamp DNA Blood Midi kit (Qiagen) according to the manufacturer's protocol. For quantitative analysis of HIV-1 DNA, a standard curve was constructed using ACH-2 cells, which contain a single integrated copy of the HIV-1 genome (20) . Known numbers of ACH-2 cells were diluted with 10 6 PBMCs from an uninfected donor. For both control and patient samples, 10 6 uninfected Jurkat cells were added to facilitate DNA isolation. In parallel to the DNA isolation procedure for patient samples and the standard curve, DNA was also isolated from multiple samples of 2 ϫ 10 6 PBMCs and multiple samples of 2 ϫ 10 6 Jurkat cells. DNA concentrations from these samples were used to calculate the amount of input DNA from these cellular populations in the preparation of the standard curve. In addition, the DNA concentration from Jurkat cells was used to assess what fraction of DNA in the patient sample was from Jurkat cells. In order to precisely determine the contribution of DNA from PBMCs and Jurkat cells, we performed these measurements every time that we isolated and measured HIV-1 DNA levels. DNA was quantified by absorbance at 260 nm. Viral DNA was detected by PCR using primers INT-gag-5 (5Ј-GGTCAGCCAAAATTACCCTATAGTGC-3Ј) and INTgag-3 (5Ј-CTTCCTCATTGATGGTITCTTTTA-3Ј) (9) . The cycling parameters were an initial denaturation step at 94°C for 4 min, followed by 4 cycles of PCR, with 1 cycle consisting of denaturation at 94°C for 10 s, annealing at 52°C for 10 s, and extension at 72°C for 10 s. This was followed by 26 cycles of PCR, with 1 cycle consisting of denaturation at 90°C for 10 s, annealing at 55°C for 10 s, and extension at 72°C for 10 min, and by a final extension step at 72°C for 1 min. To document the quality of the genomic DNA, the glyceraldehyde-3-phosphate dehydrogenase gene (gapdh) was also amplified in reaction with 400 ng of DNA with primers 5ЈGAPDH.DNA (5Ј-GGGAAGCTCAAGGGAGATAAAATTC-3Ј) and 3ЈGAPDH.DNA (5Ј-GTAGTTGAGGTCAATGAAGGGGTC-3Ј). PCR was performed with the high-fidelity PCR system (Roche), and hot start was employed during the PCR setup. PCR signals were confirmed by Southern hybridization. The oligonucleotide probe for HIV-1 gag was 5Ј-CACCTAGAA CTTTAAATGCATGGG-3Ј, and the probe for gapdh was 5Ј-GGTAAGGAGA TGCTGCATTCG-3Ј.
Isolation of mRNA from resting and activated CD4 ؉ T lymphocytes. A total of 10 6 sorted resting CD4 ϩ T cells were lysed with 1 ml of lysis-binding buffer provided by Dynal (Dynabeads mRNA DIRECT kit). Cell lysates were stored at Ϫ70°C until analysis. mRNA was isolated according to the manufacturer's protocol (Dynabeads mRNA DIRECT kit; Dynal).
Synthesis of cDNA from RNA isolated from resting and activated CD4 ؉ T lymphocytes. mRNA eluted from oligo(dT) 25 beads was reverse transcribed into cDNA immediately after isolation. First, mRNA was treated with DNase (amplification-grade DNase I; Gibco BRL). After heat inactivation of DNase I at 65°C for 10 min, RNA samples were placed on ice. For cDNA synthesis, onefourth of the mRNA isolated was incubated at room temperature for 5 min with a 2 mM concentration of the relevant, spliced-form-specific primer, 6.5 mM random hexamers (Life Technology, Gibco BRL), and RNase inhibitor (28 to 56 U depending on stock titration) (RNAguard RNA inhibitor porcine; Amersham Pharmacia Biotech). Primer US.12 (5Ј-TGATGTCCCCCCACTGTGTTT-3Ј) was used for unspliced (US) RNAs, and primer MS.e7 (5Ј-CTGTCCCCTCAG CTACTGCTA-3Ј) was used for multiply spliced (MS) RNAs. Then, 100 mM concentrations of the four deoxynucleoside triphosphates (Perkin-Elmer Applied Biosystems), 10 mM dithiothreitol, and supplied reaction buffer were added. After the solution was incubated at 45°C for 55 min, reverse transcriptase (RT) was heat inactivated at 70°C for 15 min. Each reaction was done in parallel with a reaction to which all components but RT were added.
PCR amplification of cDNA from resting CD4 ؉ T lymphocytes. All first PCR amplifications were performed immediately after cDNA synthesis. Diethyl pyrocarbonate-treated H 2 O (80 l) was added to each cDNA reaction mixture. One-fifth of diluted cDNA was used for each amplification. Two types of amplifications were performed.
For semiquantitative amplification of MS and US cDNAs, reaction mixtures were subjected to an initial denaturation step at 94°C for 4 min, followed by 32 cycles of PCR, with 1 cycle consisting of denaturation at 94°C for 30 s and annealing and extension at 65°C for 30 s, and a final extension step at 68°C for 1 min. Primers used to amplify US cDNA were primer US.1a (5Ј-GCTTGCTG AAGCGCGCACGG-3Ј) and primer US.2a (5Ј-CGTTCTAGCTCCCTGCTTG C-3Ј). Primers used to amplify MS cDNA were the previously described primer M667 (54) and primer Ms.e7 (see above).
To detect extremely low levels of HIV-1 RNA, cDNAs were also subjected to separate nested amplifications. In this case, the cycling conditions were as follows. For the first amplification, the conditions were denaturation at 94°C for 4 min, followed by 24 PCR cycles, with 1 cycle consisting of denaturation at 94°C for 30 s and annealing and extension at 63°C for 30 s, and a final extension step at 68°C for 1 min. The primer sets M667-MS.e7 and US.1a-US.12 were used for the first-stage amplification of MS and US cDNAs, respectively. Ten microliters of a 1:40 dilution of the first PCR product was subjected to a nested PCR. The cycling conditions for nested PCR follow: (i) denaturation at 94°C for 4 min; (ii) 29 PCR cycles, with 1 cycle consisting of denaturation at 94°C for 30 s and annealing and extension at 65°C for 30 s; and (iii) a final extension at 68°C for 1 min. Primer sets M667-MS.e5 (5Ј-TCGCTGTCTCCGCTTCTTC-3Ј) and US.1a-US.2a were used for this nested amplification of MS and US cDNA species, respectively.
To control for the integrity of the RNA preparations and the efficiency of the mRNA isolation and cDNA synthesis, mRNAs for cellular genes CD4 and gapdh were also analyzed by RT The specificity of all PCR signals was confirmed by Southern hybridization. The oligonucleotide probe for detection of all HIV-1 RT-PCR products was 5Ј-GCAAGAGGCGAGGGGIGG 3Ј. The probe for gapdh was 5Ј-GGAGCCA AAAGGGTCATCATCTC-3Ј, and the probe for CD4 was 5Ј-CTGATTGTGC TGGGGGGC-3Ј.
All first PCRs were performed with the Expand long template PCR system (Roche). The Expand high-fidelity PCR system (Roche) was used for all nested PCRs. For DNA PCR, hot start was employed during PCR setup.
Production and quantification of synthetic mRNA standards. Two recombinant plasmids were constructed for use in in vitro transcription, pSP64poly(A) HIVmspl and pSP64poly(A)HIVunspl. For pSP64poly(A)HIVmspl, primers M667 (50) and MS.e7 were used to amplify a 642-bp fragment from a cDNA library generated from the ACH-2 cell line. The amplified fragment contains exons 1, 5, and 7. It was subcloned into the SmaI site of the multiple cloning site of the pSP64poly(A)vector (Promega). For pSP64poly(A)HIVunspl, a plasmid carrying the reference LAI clone of HIV-1 was amplified with primers US.1a and US.12. The resulting 672-bp fragment, containing sequences around the major splice donor site, was subcloned into the SmaI site in the pSP64poly(A)vector (Promega).
Synthetic RNAs representing MS and US HIV-1 RNAs were generated from these plasmids by in vitro transcription in the presence of [ 3 H]UTP as previously described (27) . To quantify in vitro-transcribed RNA, three independent aliquots, including negative controls to which SP64 phage RNA polymerase was not added, were counted for each sample. Each aliquot was counted three times. The average counts per minute value, corrected for counting efficiency, was used to calculate the RNA copy number.
RESULTS
To study the mechanism of HIV-1 latency in the resting G 0 CD4 ϩ lymphocytes that comprise a stable reservoir for HIV-1 in vivo, we purified resting CD4 ϩ T lymphocytes from peripheral blood samples of infected individuals who exhibited longterm suppression of viral replication on HAART (Fig. 1A) . A two-stage purification procedure gave preparations of resting CD4 ϩ T lymphocytes that contained Ͻ0.1% contamination with activated cells. In previous studies, we and others have shown that replication-competent virus persists in this population of resting CD4 ϩ T lymphocytes despite prolonged treatment with HAART (8, 17, 18, 37, 43, 52) . After the initiation of HAART, the frequency of resting CD4 ϩ T lymphocytes harboring latent HIV-1 decreases in a biphasic fashion (4) . The rapid initial decay within the first 3 months of treatment reflects the loss of virus in the labile preintegration state of latency (39, 54) . The subsequent slower phase represents the persistence of lymphocytes with stably integrated provirus (9, 10, 18) . Therefore, to analyze HIV-1 transcription in resting CD4 ϩ T lymphocytes in postintegration latency, we studied patients on HAART who exhibited suppression of plasma HIV-1 RNA levels to below the limit of detection (Ͻ50 copies of viral RNA/ml) for prolonged periods of time (23 to 54 months [ Table 1 ]).
To determine the frequency of infected cells, we first measured proviral HIV-1 DNA in resting CD4 ϩ T lymphocytes (Table 1 and ϩ T lymphocytes from patients on HAART. To generate a standard curve, ACH-2 cells carrying a single integrated copy of the HIV-1 genome were diluted with HIV-1-negative PBMCs. Isolated DNA was amplified for HIV-1 gag as described in Materials and Methods. To control for DNA quality, the cellular gapdh gene was amplified in parallel. PCR products were confirmed by Southern hybridization using gene-specific probes. 
lymphocytes). Having established the proviral burden in resting CD4
ϩ T lymphocytes, we analyzed HIV-1 transcription. HIV-1 mRNAs are transcribed by RNA polymerase II. Alternative utilization of any one of five alternate splice donors and more than 10 alternate splice acceptors gives rise to 1.7-to 2.0-kb MS mRNAs, 4.3-to 5.5-kb singly spliced mRNAs, and 9.2-kb US mRNAs ( Fig. 2A) (42, 44) . We measured MS and US mRNA species ( Fig. 2A) . Detection of only MS mRNAs would suggest posttranscriptional mechanisms for latency (40, 41, 45) , while the absence of HIV-1 mRNAs would suggest that latency operates at the level of transcription.
For detection of HIV-1 mRNAs, we used sensitive, semiquantitative, single-round amplifications to approximate the number of RNA molecules in each sample. To confirm the presence or absence of very low levels of HIV-1 mRNA, nested versions of these assays that can detect a single molecule were used in parallel. To validate these assays, in vitro-transcribed RNA standards were generated from plasmids carrying a spliced sequence representing exons 1, 5, and 7 for MS RNA and a sequence spanning the major splice donor site for US RNA ( Fig. 2A) . RNA synthesis was performed in the presence of [ 3 H]UTP, allowing precise radiochemical quantification of synthetic RNA standards. Both MS and US synthetic mRNAs were simultaneously serially diluted in known copy numbers in lysates of 10 6 resting CD4 ϩ T lymphocytes from healthy donors. After serial dilutions, these mRNA standards were carried through the entire procedure, including mRNA isolation, DNase treatment, cDNA synthesis, and single-round or nested PCR performed in parallel with patients' samples. Representative experiments are shown in Fig. 2B and C. The singleround assays were sensitive to 2.5 copies of RNA standard per 5 ϫ 10 4 cell equivalents of mRNA, resulting in a dynamic range of 50 to 5,000 copies of RNA per 10 6 resting CD4 ϩ T lymphocytes ( Fig. 2B and C, top panels) . The nested RT-PCR assays readily detected as few as 2.5 molecules of MS and US HIV-1 RNA standards in a background of mRNA isolated from 5 ϫ 10 4 resting CD4 ϩ T lymphocytes ( Fig. 2B and C). Consistent with radiochemical quantification, the nested assay signal was lost as standards were diluted from 2.5 to 0.25 copy per tube.
Using these sensitive and carefully validated assays, we consistently failed to detect MS mRNA species in resting CD4 ϩ T lymphocytes from patients on long-term HAART (Fig. 2B and Table 2 ). The results of these assays indicated that the number of MS mRNA molecules associated with 10 6 purified resting CD4 ϩ T lymphocytes was less than 50. In contrast, we detected MS RNA in activated CD4
ϩ T lymphocytes infected in vitro with R5 HIV-1. We also detected MS RNA in unfractionated PBMCs isolated from viremic patients because of the presence of productively infected, activated CD4 ϩ T lymphocytes (not shown). These results suggest that the PCR primers and conditions used can readily detect HIV-1 mRNAs in infected cells and that sequence variation in the relatively conserved regions chosen as primer binding sites in HIV-1 isolates does not prevent amplification. In addition, MS RNAs were readily detected in as few as five uninduced cells from the chronically infected ACH-2 cell line serially diluted in 10 6 resting CD4 ϩ T cells from healthy individuals. The final reaction mixture contained RNA from as few as one ACH-2 cell in a background of RNA from 5 ϫ 10 4 uninfected resting cells. The ACH-2 cell line has been used as a model for latent virus (13, 20, 41) . Although HIV-1 gene expression can be up-regulated in ACH-2 cells by activating stimuli, the basal level of transcription is much higher than the level we observed in latently infected resting lymphocytes in vivo. Thus, unlike some models of latency based on continuously proliferating cell lines, the analysis of highly purified resting G 0 CD4 ϩ T lymphocytes from patients on HAART suggests that MS HIV-1 RNA species are not produced at high levels in latently infected cells.
The level of US HIV-1 RNA was also low. In four of nine patients, no US mRNAs were detected using either semiquantitative or nested RT-PCR assays (Table 2 ). In the remaining patients, US RNAs were detected right at the limit of detection of the assays used (50 copies/10 6 cells). For example, US RNA was detected in one of two semiquantitative PCRs at a level below 2.5 copies/tube for patient 4 and in one of two nested reactions for patient 9 (Fig. 2C) . Therefore, the levels of both MS and US RNA species are low in purified resting CD4 ϩ T lymphocytes from patients on long-term HAART.
Next, we determined whether this apparent lack of transcription of HIV-1 DNA in resting CD4
ϩ T lymphocytes could be reversed by cellular activation. Since the antigen specificity of latently infected resting CD4 ϩ T lymphocytes is heterogeneous (12), we used the lectin phytohemagglutinin (PHA) to mimic reactivation of HIV-1 latency in vivo. Purified resting CD4 ϩ T lymphocytes from an intensively studied subset of patients (patients 4, 5, 6, 7 and 9) were activated with PHA in the presence of irradiated allogeneic PBMCs in culture medium supplemented with interleukin-2, a procedure previously shown to induce uniform proliferation of resting CD4 ϩ T lymphocytes (18) . To demonstrate uniform cellular activation, we examined carboxy fluorescein diacetate succinimidyl ester (CFSE) dilution upon activation of CFSE-labeled resting CD4 ϩ T lymphocytes. In all experiments, more than 95% of CFSE-labeled lymphocytes underwent at least one cell division by day 3 postactivation (Fig. 3A) . To demonstrate further the uniform activation of resting CD4 ϩ T lymphocytes in this system, we ϩ T lymphocytes from healthy donors and then carrying the mixture throughout RNA isolation, DNase treatment, reverse transcription, and single-round or nested PCR. Each PCR mixture contained the indicated number of copies of standard RNA in 50,000 cell equivalents of lysate. Therefore, detection of a signal at 2.5 copies/reaction mixture indicated a sensitivity of 50 copies/10 6 resting CD4 ϩ T cells. Patient samples were tested in duplicate with (ϩ) and without (Ϫ) RT. In the experiment shown, samples from patients 4 and 9 were tested, and no MS RNA species were detected. To control for RNA isolation and cDNA synthesis, CD4 RNAs were amplified over the splice junction in each sample. (C) Single-round (top panel) and nested (middle panel) RT-PCR assays for US HIV-1 RNAs. The reactions were standardized with in vitro-transcribed US RNA standard diluted into lysates of resting CD4 ϩ T lymphocytes from healthy donors as described above for panel B. The same lysates contained serially diluted HIV-1 MS RNA standards. US RNA species were detected only sporadically in patients' samples. To control for RNA isolation and cDNA synthesis, CD4 RNAs were amplified over the splice junction in each sample, as was done for MS RT-PCR (bottom panel).
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on February 23, 2013 by PENN STATE UNIV http://jvi.asm.org/ studied the surface expression of early, intermediate, and late markers of T-cell activation: CD69, CD25, and HLA-DR, respectively. As expected, these cellular markers were up-regulated with different kinetics on large proportions of the lymphocytes, with the entire population eventually giving evidence of being activated (Fig. 3B) .
To analyze HIV-1 transcription after activation, we measured MS mRNA species. We chose MS mRNAs because these RNAs encode the Tat and Rev proteins that are indispensable for HIV-1 replication (11, 19, 46) . Moreover, MS RNAs were not detected in latently infected resting CD4 ϩ T lymphocytes in patients on HAART, and MS RNA production thus would represent a molecular exit from HIV-1 latency.
Finally, unlike US RNA, MS RNA signals cannot be due to bound extracellular virions.
RT-PCR assays were developed to detect rare mRNA species in the larger pool of cellular RNA present in activated CD4 ϩ T lymphocytes. MS HIV-1 RNA standards were serially diluted in lysates obtained at 0, 3, and 6 days after activation of 100,000 resting CD4 ϩ T lymphocytes. As seen in Fig. 3C , MS HIV-1 RNA standards were readily detected at the singlemolecule level in the final nested PCR.
Resting CD4 ϩ T lymphocytes from patients on HAART were plated at cell concentrations giving approximately 10 HIV-1 DNA-positive lymphocytes per well, based on the measurements described above (Table 3 ). Resting CD4 ϩ T lym- 
a All RT-PCR analyses were performed in duplicate. The sensitivity for both assays was 50 copies per 10 6 resting CD4 ϩ T cells. ϩ T lymphocytes isolated from all patients. Representative positive wells are shown. The amplified spliced mRNA species from patients' samples had sizes ranging from 267 to 700 bp, as expected on the basis of the MS variants produced during infection (Fig. 2A ).
phocytes were then subjected to activation under the same conditions, and individual wells were analyzed for HIV-1 transcription on days 2 to 5 postactivation. MS mRNA was detected, but only in a fraction of the wells (Table 3) . Representative experiments are shown in Fig. 3D . In some HIV-1 DNA-positive wells from later time points, a wide range of spliced HIV-1 mRNAs were seen, consistent with the large number of known splice variants (Fig. 2A) . In a typical experiment, only 1% of HIV-1 DNA-positive lymphocytes transcribed HIV-1 RNA after in vitro activation, even though all lymphocytes in the culture became activated. This finding, when considered together with the measured frequency of resting CD4
ϩ T lymphocytes harboring HIV-1 DNA (Fig. 1) , suggests that in patients on long-term HAART, only about 1 in 10 6 resting CD4 ϩ T lymphocytes contains a provirus capable of high-level HIV-1 gene expression after cellular activation ( Table 3) . As expected, this frequency is consistent with and somewhat higher than the frequency of resting CD4 ϩ T lymphocytes from which replication-competent virus can be cultured (typically 0.1 to 1 per 10 6 resting CD4 ϩ T lymphocytes) (17, 18, 43, 56) .
DISCUSSION
We have analyzed HIV-1 gene expression in latently infected resting CD4 ϩ T lymphocytes from the peripheral blood of HIV-1-infected individuals on HAART. While most evidence suggests that these cells do not release virus without cellular activation (9, 10) , the mechanism underlying the lack of virus production has been unclear. Some models of virus latency suggest that the absence of activation-dependent host transcription factors (6, 13, 20, 36, 48) or chromatin structural changes (29, 51) or failure of transcriptional elongation (1, 22, 24, 25, 28, 31) precludes the expression of viral genes. However, it remained possible that posttranscriptional mechanisms were responsible for the absence of virus production. Our results suggest that few translatable HIV-1 mRNAs are made in latently infected resting CD4 ϩ T lymphocytes from blood. In 10 6 resting CD4 ϩ T cells, we found an average of 100 cells carrying HIV-1 DNA. In the same number of resting cells, the amount of MS HIV-1 mRNA was Ͻ50 molecules. Interpretation of this result is complicated by the fact that we do not know how the RNA molecules are distributed in the cells carrying HIV-1 DNA. If we assume that 50 molecules of MS RNA are present in 10 6 cells and that they are distributed evenly, then the steady-state level of MS RNA would be Ͻ1 molecule/cell, which is consistent with complete or near-complete transcriptional silencing. However, only 1% of the cells with HIV-1 DNA appear to be capable of producing high levels of HIV-1 RNA after cellular activation. If the basal RNA level is produced only from these cells, then the steadystate level of HIV-1 RNA in an infected cell could be as high as 50 copies/cell. This would place viral messages in the large class of low-abundance mRNAs found in the cells. Whether this level of gene expression would be sufficient to allow selective targeting of latently infected cells remains to be determined. By way of contrast, it is useful to consider that in productively infected cells, HIV-1 mRNAs are present at levels of 4,000 copies/cell (26) .
While MS HIV-1 RNAs were consistently below the limit of Lewin et al. (32) is inconsistent with some posttranscriptional models of virus latency based on cell lines that express MS but little US RNA (41) .
Several caveats to our findings should be mentioned. First, although the assays used were rigorously validated with radiochemically quantitated, in vitro-transcribed RNA standards taken through the entire procedure, it remains possible that the sensitivities of the assays for patient-derived sequences were lower than those for the RNA standards. Although primers were chosen from relatively conserved regions of the genome, sequence variation in individual patients could have reduced the sensitivity of detection in some patients. The fact that similar results were obtained in all patients studied argues against this possibility. It is also important to point out that these results do not exclude the possibility that latency is due to a block at the level of transcriptional elongation (1, 22, 24, 25, 28, 31) . According to this model, transcription of viral genes initiates in latently infected cells but is prematurely terminated due to the absence in these cells of Tat and/or of the Tat-associated host factors that act on the C-terminal domain of RNA polymerase II to promote elongation. In fact, consistent with this model, we recently showed that short (ϳ60 nucleotides), nonpolyadenylated HIV-1 mRNAs are present in highly purified resting CD4 ϩ T cells from patients on HAART (K. Lassen and R. F. Siliciano, unpublished results). Thus, although we could detect little MS or US HIV-1 RNA, it is possible that transcription starts at the HIV-1 long terminal repeat (LTR) in latently infected cells with subsequent premature termination. A final caveat is related to the measurement of the number of cells harboring HIV-1 DNA. Our calculation assumes one HIV-1 integration per infected cell. A recent report (30) ϩ T cells from patients on HAART (58). They found low levels of MS and US HIV-1 RNAs in purified resting CD4 ϩ T cells (10 to 50 copies/g of total RNA). Assuming our typical yield of 1 g of RNA/10 6 resting CD4 ϩ T cells, these results are consistent with the results presented here. As mentioned above, Lewin et (57) . The level of gene expression was lower than that observed in activated CD4 ϩ T cells. These cells may represent infected lymphoblasts that are in the process of transitioning back to a fully quiescent state. In addition, exposure to cytokines in the context of the lymphoid tissues may render resting CD4 ϩ T cells more permissive to viral gene expression (49) . In in vitro studies of tonsil preparations, Eckstein et al. have demonstrated active infection of large fractions of resting, naive cells by X4 virus (14) . This result may also reflect the use in these studies of mixed populations of cells from lymphoid tissues in which exposure to cytokines alters the state of activation of the cells. In addition, in vitro infection with X4 viruses may not provide the best model for the latent infection that occurs predominantly with R5 viruses in vivo (38) . In any event, our results suggest that in rigorously purified resting CD4 ϩ T lymphocytes from the peripheral blood of patients on long-term HAART, there is little production of translatable mRNAs by the latently infected lymphocytes present.
When we activated latently infected resting CD4 ϩ T lymphocytes in vitro, only 1% of the HIV-1 DNA-containing resting CD4
ϩ T cells could be induced to transcribe HIV-1 genes. Thus, the majority of HIV-1 proviral DNA present in this reservoir cannot be readily activated for the continuous transcription of HIV-1 mRNA. Some of the integrated HIV-1 DNA present in resting CD4 ϩ T lymphocytes may be under strong epigenetic regulation that cannot be readily reversed by a short-term cellular activation (29, 51) . In addition, some of these proviruses may be intrinsically defective for HIV-1 transcription due to mutations in the LTR or in Tat (15) . Importantly, the frequency of transcription-competent lymphocytes (1/10 6 resting CD4 ϩ T cells) is still higher than the frequency of lymphocytes from which replication-competent virus can be rescued by cellular activation (0.1 to 1 per 10 6 resting CD4 ϩ T cells) (17, 18) . This slightly higher frequency suggests that some transcriptionally active lymphocytes are producing defective virus.
Our study provides direct in vivo evidence that HIV-1 latency in resting CD4 ϩ T lymphocytes operates at the level of mRNA production and not solely at the level of splicing or nuclear export of mRNAs. Further studies will be necessary to exclude the possibility that latently infected cells produce very low levels of HIV-1 mRNA. This can be done only by in vivo studies since, as demonstrated here, in vitro models, particularly those involving transformed cell lines, may not accurately mimic the transcriptional state of the resting G 0 T cells that comprise the stable reservoir for HIV-1. If viral genes are transcribed only at very low levels in latently infected cells, as our study suggests, then it may be difficult to target this reservoir with HIV-1-specific RNA-and protein-directed approaches. Furthermore, the stability of the reservoir comprised of resting memory CD4 ϩ T cells will be dictated solely by the long life span of memory CD4 ϩ T cells. Nevertheless, even though this reservoir pool may prove very difficult to target selectively, our study indicates that the majority of resting lymphocytes carrying HIV-1 DNA cannot be induced to transcribe HIV-1 genes even after T-cell activation and may therefore be irrelevant to disease progression. Understanding the mechanisms that render most of the HIV-1 DNA in resting CD4 ϩ T lymphocytes incompetent for transcription may facilitate efforts to completely eliminate this reservoir.
